INTRODUCTION
============

The pathophysiology related to serotonin in bipolar disorder remains unclear. Some investigators have assumed that a serotonin deficit is associated with the onset of bipolar mania, and that an increase in serotonin activity induces a mood-stabilizing action.[@B1] In contrast, it has also been reported that tryptophan depletion decreases manic symptomatology.[@B2] Fountoulakis and colleagues recently suggested that bipolar depression is related to both serotonin and norepinephrine activity.[@B3] In addition, it was reported that the biosynthetic enzymes for both norepinephrine and serotonin are reduced in the locus ceruleus in patients with bipolar depression who commit suicide, but not in those with unipolar depression who commit suicide.[@B4] Likewise, a blunted prolactin response to fenfluramine administration revealed that central serotonergic activity in patients with bipolar depression was impaired.[@B5]

It was recently suggested that the loudness dependence of auditory evoked potentials (LDAEP) is a valid marker of the central serotonergic activity. It has been demonstrated that the LDAEP is inversely associated with central serotonergic activity, with a high LDAEP reflecting low levels of serotonergic neurotransmission.[@B6],[@B7] The LDAEP is reportedly a putative biological marker. Gudlowski and colleagues found that the LDAEP was significantly lower in schizophrenia patients than in normal controls,[@B8] whereas Linka and colleagues found that the LDAEP did not differ significantly between patients with major depressive disorder (MDD) and normal controls.[@B9] Yet other investigators found a difference in the LDAEP between patients with melancholic depression and those with nonmelancholic depression.[@B10]

Until recently there have been few studies examining the LDAEP status in bipolar disorder. However, in 2010, Park et al.[@B11] reported that as in schizophrenia, the LDAEP is significantly lower in bipolar patients than in normal controls and patients with MDD. In another study, Lee et al.[@B12] investigated the LDAEP of multiple mood statuses (bipolar depression, bipolar mania, and euthymia) and assessed its clinical usefulness in patients with bipolar disorder. Furthermore, Park and Lee[@B13] examined the LDAEP in patients with MDD who presented with subthreshold bipolarity.

The aim of the present study was to review the literature with a view to determining whether the LDAEP can be used as a biological marker or a predictor of treatment response in patients with bipolar disorder and of manic switch or treatment resistance in patients with major depressive episode(s).

LDAEP AS A BIOLOGICAL MARKER IN BIPOLAR DISORDER
================================================

Some studies have shown that the LDAEP is a putative biological marker in several psychiatric disorders.[@B8],[@B11],[@B14] Gudlowski et al.[@B8] explored the LDAEP in 60 patients with prodromal symptoms of schizophrenia, 34 patients with first-episode of schizophrenia, 28 patients with a chronic course of schizophrenia, and 57 normal controls. They found that in the schizophrenia patients the LDAEP was already low before the onset of the disorder, and remained decreased throughout the disease progression. Thus, a low LDAEP may be a trait marker rather than a state marker, and may correspond to the serotonin hypothesis of schizophrenia. In 2010, Park et al.[@B11] suggested for the first time the possibility that the LDAEP could be used as a biological marker in bipolar disorders. Their subjects comprised 55 normal controls, 123 patients with MDD, 37 with bipolar disorder, 46 with schizophrenia, 37 with panic disorder, 31 with generalized anxiety disorder (GAD), and 28 with post-traumatic stress disorder. They found that LDAEP was significantly higher in normal controls than in patients with either bipolar disorder or schizophrenia, and did not differ significantly between normal controls and patients with MDD or GAD. Thus, there appears to be a higher level of central serotonergic activity in bipolar disorder and schizophrenia, and MDD might be a heterogeneous entity. In particular, the results of Park and colleagues related to schizophrenia are consistent with those of Gudlowski et al.[@B8] However, these studies were subject to some limitations. For example, LDAEP was measured during a time when the subjects had been medicated, and these medications, such as antipsychotics and mood stabilizers, may have affected the LDAEP. In addition, the phases of the bipolar patients were not controlled; that is, the mean LDAEP in bipolar disorder was calculated using the LDAEP in all patients with bipolar mania, bipolar depression, and euthymic bipolar disorder. That being said, the study of Park et al. is the first to reveal the potential of LDAEP as a trait marker in bipolar disorder.

Lee et al.[@B12] also examined the LDAEP in patients with bipolar disorder and in normal controls. Their subjects comprised 35 patients with bipolar disorder, 32 patients with schizophrenia, and 22 healthy controls; the patients with bipolar disorder comprised 10 with bipolar depression, 15 with bipolar mania, and 10 with euthymic bipolar disorder. They found that the LDAEP differed according to the bipolar phase, and was significantly higher in cases of euthymic bipolar disorder, bipolar depression, and bipolar mania. The LDAEP was significantly higher in patients with euthymic bipolar disorder than in patients with schizophrenia, higher in bipolar depression than in schizophrenia, higher in normal controls than in patients with schizophrenia, and higher in normal controls than in patients with bipolar mania ([Figure 1](#F1){ref-type="fig"}). These results indicate that the serotonergic activity in patients with bipolar disorder may vary according to their mood phase. The main limitation of that study was that the LDAEP was measured when the patients were under medication for their condition with drugs such as antipsychotics, antidepressants, and mood stabilizers.

Park and Lee[@B13] examined the LDAEP in MDD with and without bipolarity. In total, 61 patients who met the criteria for the Diagnostic and Statistical Manual of Mental Disorders, edition IV, text revision, and who had no history of hypomanic or manic episodes were enrolled. The patients were divided into two subgroups based on whether or not they achieved a positive score for the Korean versions of the Mood Disorder Questionnaire. The LDAEP was measured before beginning medication with serotonergic agents. Park and Lee found that the LDAEP did not differ significantly between MDD patients with and without bipolarity ([Figure 2](#F2){ref-type="fig"}). Although their findings were negative, their study was the first to examine LDAEP in patients with bipolarity. The findings suggest that the serotonergic activity does not differ between MDD patients with and without bipolarity.

LDAEP AS A PREDICTOR OF TREATMENT RESPONSE IN BIPOLAR DISORDER
==============================================================

There is growing evidence that the LDAEP is a predictor of the treatment response to antidepressants or lithium in affective disorders or GAD.[@B15]-[@B17] Some investigators found that a high pretreatment LDAEP is associated with a favorable response to acute selective serotonin reuptake inhibitor (SSRI) treatment in patients with MDD.[@B15] In contrast, patients with MDD who responded to reboxetine, a noradrenergic antidepressant, were reportedly characterized by a low pretreatment LDAEP.[@B15]

Park and colleagues found that it is possible for LDAEP to predict the treatment response to escitalopram in patients with GAD.[@B16] Using a patient cohort of 25, they found that a higher pretreatment LDAEP was related to a favorable response to acute escitalopram treatment. These results are line with those obtained in other studies involving patients with MDD. Thus, serotonergic agents such as SSRIs can produce a better treatment outcome in patients with MDD or GAD with deficits in central serotonergic activity.[@B15],[@B16]

In the case of bipolar disorder, the early clinical findings were that a higher LDAEP and a stronger intensity dependence of visual evoked potentials were related to a favorable response to lithium treatment.[@B18]-[@B20] In addition, Juckel and colleagues found that the pretreatment LDAEP could be a predictor of successful prophylactic lithium treatment.[@B17] Thirty patients with unipolar and bipolar affective disorder were enrolled in their study. The pretreatment LDAEP was significantly higher in the patients who responded to lithium treatment than in the nonresponders. These findings indicate that a lower pretreatment serotonergic activity was associated with a better treatment response to lithium.

Furthermore, a high LDAEP is now also considered a potential predictor of a positive lithium response in affective psychosis.[@B21],[@B22] One of these studies measured the LDAEP in 28 patients with euthymic affective psychosis[@B22] who had all been treated with lithium for at least 5 years. These subjects were divided into two subgroups (responders and nonresponders) based on whether or not they had been hospitalized due to relapses during the previous 5 years of lithium therapy. The findings revealed that the LDAEP was higher in responders than in nonresponders. Another study enrolled 34 stabilized patients with affective psychosis who had been treated with lithium for at least 3 years,[@B21] and also found that the LDAEP was higher in responders than nonresponders. Those authors hypothesized that patients with low serotonergic activity who respond to serotonin enhancers such as lithium are characterized by a high LDAEP.

A HYPOTHESIS: THE LDAEP PREDICTS A MANIC SWITCH OR TREATMENT RESISTANCE IN MOOD DISORDER
========================================================================================

In a clinical study, Lee and colleagues observed that the LDAEP of 166 patients with MDD ranged between 0.21 and 1.59 µV/10 dB ([Figure 3](#F3){ref-type="fig"}).[@B23] In summary, it can be assumed that patients with LDAEP values outside this range (which is indicated by the gray regions in the figure) would have an aberrant response to SSRIs, reflecting manic switch or treatment resistance. There is some evidence that the response of patients with MDD or GAD to SSRIs treatment improves as the LDAEP increases.[@B15],[@B16],[@B24] Thus, if the LDAEP is very high, it could induce a manic switch. Conversely, there is also evidence that a low LDAEP is indicative of a worse treatment response to SSRIs,[@B15] such that a very low LDAEP could induce treatment resistance.

Intriguingly, Lee and colleagues reported on two patients with MDD who presented with manic switch after receiving SSRI treatment. The patients had aberrantly high LDAEP values of 2.69 and 3.82 ([Figure 4](#F4){ref-type="fig"}). It can be assumed that persistent severely low serotonergic activity (as marked by an aberrantly high LDAEP) would render the serotonin receptors supersensitive and up-regulated. The application of SSRI treatment in such a state could induce an explosive enhancement of central serotonergic action, causing a manic switch. Thus, an aberrantly high LDAEP may be a biological marker for predicting manic switch after medication of MDD patients with SSRIs or serotonergic agents.

In contrast, Park et al.[@B25] reported on a patient with MDD who experienced severe adverse effects after taking SSRIs without improvement of his depressive symptoms. These adverse effects disappeared and his depressive symptoms improved after discontinuation of the SSRIs and replacement with tianeptine. The patient\'s LDAEP was very low (-0.14) at baseline, which means that his central serotonergic activity was already high. It was hypothesized that the high serotonergic activity had rendered him unresponsive to SSRIs and brought on the adverse effects, and that the tianeptine was effective due to its lack of serotonin-related action. Thus, LDAEP may be used to predict the clinical response to SSRIs in patients with MDD. More studies with larger samples are needed to examine further the potential of LDAEP as a biological marker or predictor of treatment response.
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